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Abstract
The electron capture (EC) decaying 163Ho has been a candidate for measuring the electron neu-
trino mass since a long time and recently the interest in 163Ho has been renewed because of a
possible relic antineutrino capture experiment. However, if there is no overdensity in the antineu-
trino distribution, the detection of relic antineutrinos using this 163Ho is extremely challenging
with current techniques. We have searched for new candidates to detect relic antineutrinos by
resonant absorption in EC decaying nuclei. We propose 103Pd, 127Xe, 131Ba, 159Dy, 175Hf, 195Au,
and 243Cm as new targets for the relic antineutrino capture and call for highly precise experiments
of the QEC values for these new candidates.
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As well as the 2.7 K microwave background radiation, the universe is filled with a sea of
relic neutrinos that decoupled from the rest of the universe within the first 10 s after the
Big Bang. Still nobody has seen these relic neutrinos yet even with lots of theoretical and
experimental efforts. These relic neutrinos may have played a crucial role in nucleosynthesis,
structure formation and the evolution of the universe as a whole. A non-zero neutrino mass
can dramatically change the properties of the relic neutrino sea and its role in the evolution of
the universe. The current cosmological upper limit on the average neutrino mass is ∼0.2 eV
from Planck 2013. The fact that neutrinos have a nonzero mass has important consequences
on the kinematics of the capture process and leads to the possibility, at least in principle,
to unambiguously detect the very low energy cosmological neutrino backgrounds [1, 2].
Low energy nuclear beta or electron capture (EC) decays are excellent tools for testing
non-zero neutrino masses. Among all beta unstable nuclides, 3H(Qβ=18.5906 32 keV) [3],
187Re(Qβ=2.4670 20 keV ) [4] and
163Ho(QEC =2.833(30stat)(15sys) eV) [5] are attractive for
non-zero neutrino mass experiments due to their low Q-values.
EC decaying 163Ho has been proposed since a long time as a candidate for measuring
the electron neutrino mass [6], and recently interest in 163Ho has been renewed by Lusignoli
and Vignati with a possible relic antineutrino capture experiment [7]. Several experimental
papers about possible detection of the cosmic antineutrino background followed [5, 8–10].
Recently Vergados and Novikov claim that 157Tb can be a better candidate than 163Ho for
a relic antineutrino capture experiment with prospects of detection of relic antineutrinos
by resonant absorption in electron capturing nuclei [11]. If there is no overdensity (=
ρ(x)−ρ¯
ρ¯
) in the ν distribution, the detection of relic antineutrinos using 163Ho or 157Tb is
extremely challenging [12]. If the overdensity is greater than 2×109, the current experimental
techniques may be able to detect relic neutrinos. However, the overdensity is expected to be
less than∼104, which is the matter overdensity in our galaxy [13]. The difficulty in measuring
the relic antineutrino background calls for new candidate targets for the experiments.
A bound electron can be captured by an EC nucleus ZAN , leaving a hole in an electron
state of the daughter atom and releasing a neutrino. The excited atom is de-excited to
the ground state releasing a photon with energy Ei, which corresponds to the electron hole
binding energy of the final atom and is measurable. The EC decay can be presented as
ZAN → Z−1A∗N+1 + νe → Z−1AN+1 + Ei + νe. (1)
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Then the EC decay rate can be obtained by [7, 14]
λEC =
G2β
4pi2
∑
i
niCiβ
2
iBi(Q− Ei)[(Q− Ei)2 −m2ν ]1/2 (2)
with Gβ=GF cosθC, ni the fraction of occupancy of the i-th atomic shell, Ci the nuclear
shape factor, βi the Coulomb amplitude of the electron radial wave function, and Bi an
atomic correction for electron exchange and overlap.
There are challenging experimental techniques for neutrino capture experiments. High
precision Penning trap mass spectroscopy (PT-MS) [5, 15] can accurately measure the mass
difference between the parent and the daughter nuclei and this technique was used for direct
measurement of the mass difference of 163Ho and 163Dy for solving the Q-value puzzle for the
neutrino mass determination [5]. Micro-calorimetry measurement, embedding a radioactive
nuclear source in a bolometer [16–18], can measure all the de-excitation bolometric spectrum
of γ- and X-rays and the expected peaks will be well separated by a precision of a few eV,
with a hope to see relic antineutrino events in the tail.
Atomic levels in energy spectrum of neutrinos produced in EC decays have finite natural
widths with a Breit-Wigner resonance form, each at an energy Q-Ei, so that the spectrum
of ’calorimetric’ energy Ec can be given by [19]
dλEC
dEc
=
G2β
4pi2
(Q− Ec)
√
(Q− Ec)2 −m2ν
∑
i
niCiβ
2
iBi
Γi
2pi
1
(Ec − Ei)2 + Γ2i /4
. (3)
This spectrum allows energy to reach the Q-value and to produce a neutrino with a very
low energy at the endpoint, making measurement of the spectrum endpoint possible with
an Ei close to the Q-value so as to have small suppression from the Breit-Wigner form. The
possible experimental signature is the γ-ray following the de-excitation of the nucleus and/or
the observation of photons following the de-excitation of the atom. This however requires
fine tuning and high resolution. Recently, the EC capture de-excited spectrum for 163Ho
was well produced with calorimetry measurement and the atomic spectrum lines could be
perfectly seen [5].
Since the crossed reaction with an incoming antineutrino has no energy threshold [2], a
nucleus can absorb a very low energy antineutrino and an electron from a bound i-th atomic
shell, which is called antineutrino capture:
ν¯e +Z AN → Z−1A∗N+1 → Z−1AN+1 + Ei. (4)
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The antineutrino capture rate can be obtained by [7]
λν¯ = nν¯
G2β
2
∑
niβ
2
iBiρi(Eν¯), (5)
where nν¯(∼ 55 cm−3) is the number density of incoming antineutrinos, Eν¯ is their energy
(' mν for CνB), and ρi(Eν¯) is the density of final states.
The ratio between antineutrino capture and EC decay rates can be obtained by [7]
λν¯
λEC
' 2pi2nν¯
∑
i niβ
2
iBiρi(Eν¯)∑
i niβ
2
iBi(Q− Ei)2
. (6)
The total number of signal events can be calculated using [7]
S =
λν¯
λEC
log2
T1/2
NAnmolt, (7)
where NA is Avogadro’s number, nmol is the number of moles, t is the exposure time, and
T1/2 is the half-life of the parent nucleus.
Assuming QEC=2.5 keV for
163Ho, Lusignoli and Vignati obtained 5.8×10−23 [7]
for the ratio λν¯/λEC , which is higher than the analogous result for tritium β-decay,
λν/λβ=6.6×10−24 [2]. This ratio corresponds to 307 kg 163Ho source to get 10 events of
signal per year. However, considering a recent experimental result QEC=2833(30stat)(15sys)
eV [5] for 163Ho, the ratio λν¯/λEC becomes 1.22×10−23, which corresponds to 1460 kg of
163Ho source to get 10 events per year. Recently, Vergados and Novikov claimed [11] that
157Tb can be a better candidate than 163Ho for the experiment with prospects of detection of
relic antineutrinos by resonant absorption in EC nuclei. We calculated the ratio of the two
processes using Eq. 6 for the 157Tb EC decay going to the 54.53 keV excited state of 157Gd,
assuming the most optimistic QEC=59.747 keV, based on the recent QEC=60.044±0.297 for
157Tb. We got the ratio 8.70×10−26, corresponding to 3068 kg of EC decaying 157Tb source
for 10 events per year. The difficulties in measuring the relic antineutrino using 163Ho and
157Tb call for new targets for the experiment and finding the new targets was our goal.
For searching new candidates for the experiment, we use the idea of detecting relic an-
tineutrinos by resonant absorption in EC decaying nuclei. A schematic concept is shown in
Fig. 1. When an EC decaying nuclear mass matches the mass of its daughter, whether it is
in its ground state or in its excited state, there can be resonant absorption of electron and
antineutrino.
QEC is very sensitive to neutrino mass features at the endpoint. However, compared to
the errors in electron binding energies and nuclear excited state energies, errors in QEC that
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FIG. 1: Concept of the resonant EC decay. When QEC matches an excited state of the daughter,
there can be resonant absorption of electron and antineutrino.
come from the mass excesses of the parent and daughter nuclei are very large. We define
Q′EC for an EC decay to a daughter excited state
Q′EC = ∆m(Z) −∆m∗†(Z−1) (8)
= ∆m(Z) − (E(Z−1).nucl + ∆m†(Z−1)) (9)
= ∆m(Z) − (E(Z−1).nucl + ∆m(Z−1) +B(Z−1).e −B(Z−1).elast) (10)
with ∆m denoting the mass excess, ’†’ atomic excitation, ’*’ nuclear excitation, E(Z−1).nucl
the nuclear excitation energy of a nucleus with proton number ′Z − 1′, B(Z−1).e the binding
energy of the electron being captured, and B(Z−1).elast the binding energy of the valence
electron. Since there are big errors in the excess masses of nuclei, we define the following
quantities dQ′EC and ∆Q
′
EC as
dQ′EC =
√
∆m2(Z) + ∆m
2
(Z−1), ∆Q
′
EC = |Q′EC | − dQ′EC . (11)
To search for suitable targets for relic antineutrino capture, we first filter possible candi-
dates from all nuclei available. For the filtering, we take into account nuclear databases on
nuclear structure and decay data, mass excesses, QEC-values, half-lives, parent and daughter
excited states and their spins and parities for all available isotopes available [5, 20, 21] and
all atomic data available, electron binding energies, widths, and wave functions [23, 24].
Based on these nuclear and atomic data, we set the following criteria: (a) A nucleus should
be an EC decaying nucleus. (b) We considered EC from all electron levels, K, L, M, N,
5
TABLE I: Expected amounts and corresponding activity to get 10 events per year for the new
candidate 243Cm for relic antineutrino capture experiments compared to the conventional target
163Ho. 243Cm and 163Ho decay to their ground states.
ZAN J
pi T1/2 Z−1AN+1 Jpid T1/2 QEC λν¯/λEC Amount Activity
(ps) (keV) (g) (MCi)
163Ho 7/2− 4570 y 163Dy 5/2− stable 2.833(30stat)(15sys) 1.22×10−23 1.46×10+6 7.02×10−1
243Cm 5/2+ 29.1 y 243Am 5/2− 7370 y 7.473 ± 1.713 3.30×10−22 5.13×10+2 2.60×10−2
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FIG. 2: New targets (decaying to an excited state) we propose for the relic antineutrino capture
experiment with 157Tb by Vergados and Novikov [11]. Also their electron binding energy states
are given. Electrons in these states can be resonantly absorbed by the nucleus and all the electrons
in the energy below the resonant electron bound states for each isotope can be absorbed.
O, and P with S and P1/2 states. (Note that, since the EC rate is essentially proportional
to the electron density at the nucleus [14], captures from the P3/2 electron states do not
contribute to the reaction rate.) (c) T1/2 of parent nucleus is longer than 10 days. (d)
Q′EC , dQ
′
EC ,∆Q
′
EC < 10 keV. (e) ∆J =1.
After filtering, we examine the filtered isotopes and select candidate targets. We first focus
on EC isotopes with low QEC , decaying to the ground state of the daughter nuclei. Beside
the well known candidate 163Ho (QEC=2.833(30stat)(15sys) eV),
243Cm (QEC=7.473±1.713
keV) appears as a new candidate. We calculated the ratio λν¯/λEC for most optimistic QEC-
values which is still inside the error bars in their QEC for a new target
243Cm as well as the
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TABLE II: Results for candidate isotopes going to excited states of daughters: amounts and
corresponding activities, respectively, of the candidate isotopes for relic antineutrino capture ex-
periments to get 10 events per year. Also shown is for the 157Tb proposed by Vergados and
Novikov [11].
ZAN J
pi T1/2 Z−1AN+1 Eex Jpid T1/2 QEC Q
′
EC dQ
′
EC ∆Q
′
EC λν¯/λEC Amount Activity
(keV) (ps) (keV) (keV) (keV) (keV) (g) (MCi)
157Tb 3/2+ 2.239×109 157Gd 54.53 5/2− 130 60.044±0.297 1.714 2.314 −0.600 8.70×10−26 3.07×10+6 9.84×10+1
103Pd 5/2+ 1.468×106 103Rh 536.8 5/2+ 39 543.020±0.797 3.231 3.517 −0.287 1.56×10−25 7.38×10+2 5.51×10+1
127Xe 1/2+ 3.145×106 127I 628.7 3/2+ 1.9 662.3±2.1 0.544 5.496 −4.952 3.84×10−21 7.89×10−2 2.22×10−3
131Ba 1/2+ 9.936×105 131Cs 1342. 3/2+ - 1375.958±5.287 −3.043 5.612 −2.569 2.76×10−21 3.58×10−2 3.10×10−3
159Dy 3/2− 1.248×107 159Tb 363.5 5/2− 153 365.400±1.200 −0.078 2.686 −2.608 5.52×10−19 2.73×10−3 1.55×10−5
175Hf 5/2− 6.048×106 175Lu 672.9 7/2− - 683.712±0.195 −0.070 3.278 −3.208 4.12×10−20 1.95×10−2 2.08×10−4
195Au 3/2+ 1.608×107 195Pt1 211.4 3/2− 49 226.8±1.0 1.596 1.648 −0.053 1.48×10−20 1.61×10−1 5.79×10−4
195Au 3/2+ 1.608×107 195Pt2 222.2 1/2− - 226.8±1.0 1.353 1.648 −0.295 1.69×10−19 1.54×10−2 5.54×10−5
previous candidate 163Ho. We obtain the amount of target sources using Eq. 7 and their
corresponding activities to get 10 events per year in a relic antineutrino capture experiment.
We find that, if we use a 243Cm target with optimistic QEC within the experimental errors, we
need only 0.51 kg of 243Cm, which is much less than 1460 kg for the 163Ho source mentioned
above. The results are shown in Table I.
To find suitable candidate isotopes leading to excited states, we calculate Q′EC , dQ
′
EC , and
∆Q′EC and set the criteria above mentioned. And
103Pd, 127Xe, 131Ba, 157Tb, 159Dy, 175Hf,
and 195Au are selected as candidates for relic antineutrino capture experiments. Notice that
157Tb proposed by Vergados and Novikov [11] also appears as a candidate with our criteria.
These candidates are shown in Fig. 2 in terms of Q′EC and ∆Q
′
EC .
195Au1 and
195Au2 in the
figure represent the 195Au decaying to the 211.4 keV and 222.2 keV excited states of 195Pt,
respectively. Negative values in ∆Q′EC mean that the error bars in QEC can cover the Q
′
EC
value for resonant absorption by the corresponding isotopes. Resonant absorption in the
electron state can happen for each isotope shown in the figure and only the electrons from
states more loosely bound than the resonant electron states denoted in the figure can be
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FIG. 3: Expected amounts of the source (upper) and corresponding activities (lower) for getting 10
events per year for new targets 103Pd, 127Xe, 131Ba, 159Dy, 175Hf, 195Au, and 243Cm, compared to
the previous candidates 163Ho and 157Tb. Black and red bullets denote isotopes leading to ground
state and excited states of the daughter nuclei, respectively.
captured by a nucleus. Our calculated results for the isotopes decaying to excited states are
shown in Table II. We calculated the ratio λν¯/λEC for most optimistic QEC-values which
is still inside the error bars in their QEC for new targets
103Pd, 127Xe, 131Ba, 159Dy, 175Hf,
and 195Au as well as the previous candidate 157Tb. We obtain the amount of target sources
and their corresponding activities to get 10 events per year in a relic antineutrino capture
experiment. Assuming the QEC values of
159Dy and 195Au decays match the excitation
energy of the daughter (see Fig. 1), we need only 2.7 mg of 159Dy and 15.4 g of 195Au
sources to get 10 signal events per year, while we need 1460 kg for 163Ho and 3068 kg for
157Tb. We emphasize that the QEC values, and therefore to the event signal rate, are very
sensitive to the ratio λν¯/λEC , and highly precise measurements of QEC are required for the
new targets we propose.
Figure 3 shows calculated results for our new targets 103Pd, 127Xe, 131Ba, 159Dy, 175Hf,
195Au1,
195Au2, and
243Cm, compared to the previous candidates 163Ho and 157Tb. Black
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FIG. 4: Expected de-excitation energy spectra of EC decays of new candidates for relic antineutrino
capture experiments.
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FIG. 5: Expected de-excitation energy spectra of EC decays of the candidate targets in their tails.
and red bullets in the figure denote isotopes leading to ground state and excited states,
respectively. The de-excitation energy spectra of the EC decays are shown in Fig. 4 as a
function of ’EC −E∗’ for the candidates, considering a neutrino mass mν=0.2 eV. Also the
tail parts of the de-excitation energy spectra for the candidates are shown in the Fig. 5 and
compared with mν=0 eV for the most prospective targets
159Dy and 195Au2.
In conclusion, we have searched for new candidates for relic antineutrino capture experi-
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ments using the resonant absorption concept for EC decays to ground or excited states of the
daughter nuclei, examining all nuclei available. We propose the isotopes 103Pd, 127Xe, 131Ba,
159Dy, 175Hf, 195Au, and 243Cm as new targets for relic antineutrino capture experiments,
calling for highly precise measurements of the QEC-values for these new candidate targets.
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